We have carried out resistivity measurements on itinerant antiferromagnets Nb 12Àx Ti x O 29 (x ¼ 0 and 0.2) under pressure up to 2.5 GPa in order to investigate the pressure effects on these novel magnetic and metallic behaviors. The resistivity-temperature curves for both systems show metallic behavior at lower pressure, while the resistivity increases with decreasing temperature at higher pressure. These results indicate that a metal-insulator transition is induced by the application of the pressure in both systems. We will discuss the origin of the metal-insulator transition in terms of charge ordering and pressure-induced amorphization as have been suggested in other niobium oxides. 1-4) Monoclinic Nb 12 O 29 has a crystallographic shear plane structure consisted of 4 Â 3 blocks of corner-shared NbO 6 octahedra, which are partially edge-shared to the next block in a diagonal arrangement, as shown in Fig. 1 .
Mixed-valent niobium oxide Nb 12 O 29 was reported as the first example of a magnetically ordered (T N ¼ 12 K) system in a niobium-based oxide. [1] [2] [3] The electronic structure consists of Nb 5þ (4d 0 ) and Nb 4þ (4d 1 ) and electron (spin) number seems to be lower (<1=6), since the unit formula can be written as Nb In addition to the antiferromagnetism, the metallic conduction even below T N suggests that Nb 12 O 29 is an itinerant antiferromagnet. [1] [2] [3] [4] Monoclinic Nb 12 O 29 has a crystallographic shear plane structure consisted of 4 Â 3 blocks of corner-shared NbO 6 octahedra, which are partially edge-shared to the next block in a diagonal arrangement, as shown in Fig. 1 . 5) It is clearly observed that nuclear magnetic relaxation rate, T À1 1 , of 93 Nb nuclei shows an anomaly at T ¼ T N and is proportional to T 1=2 above T N . 4) The temperature dependence of resistivity, ðTÞ, shows a weak anomaly at T N and the characteristics of a weak antiferromagnetism,
These findings can be described by the self-consistent renormalization (SCR) theory for spin fluctuations in the itinerant antiferromagnetism. 6, 7) In the alloy compound, Nb 12Àx Ti x O 29 , T N decreases with increasing x, while ðTÞ becomes a semiconductor above x $ 0:3, since the number of the 4d electron (spin) is expected to be zero at x ¼ 2:0.
4)
Recently, it has been suggested that a charge ordering occurs at low temperature. 5, 8) The low temperature structural investigation by powder neutron diffraction has revealed that one unpaired electron localizes onto a specific crystallographic site in the 4 Â 3 block structure. 5) These facts suggest that different interactions are competitive and interplay in the monoclinic Nb 12 O 29 at ambient pressure. In this compound, therefore, the compression of the crystal can modify the electronic state through single-ion and/or interatomic interactions, such as electron-lattice, electron-electron and the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions mediated by conduction band electrons. In order to investigate the pressure effects on these novel magnetic and metallic behaviors in this mixed-valent oxide system, x ¼ 0 and 0.2, we have carried out resistivity measurements as a function of temperature between 4 and 300 K under high pressure up to 2.5 GPa.
Polycrystalline samples were synthesized by a gettering method described elsewhere. [1] [2] [3] Preliminarily, the antiferromagnetic transitions were observed in the temperature dependence of magnetic susceptibility at T N ¼ 12:5 and 3.5 K in x ¼ 0 and 0.2, respectively.
4) The resistivity was measured using a standard dc 4-probe method with a constant current. In this study, a hybrid clamp cell made from NiCrAl and CuBe alloys, which can generate pressures over 2.5 GPa, was used. The sample was mounted on a specially designed plug and put inside a Teflon cell with Daphne oil 7373, Idemitsu, as a pressure-transmitting medium. Figure 2 shows resistivity-temperature curves obtained under various pressures at x ¼ 0. The temperature dependences of the resistivity show metallic behavior below P $ 1 GPa as well as the case of the ambient pressure, although the residual resistivity increases with increasing pressure. Around T N ðTÞ shows a weak anomaly, as pointed out previously. [1] [2] [3] On the other hand, when pressure is applied over P $ 2 GPa, the resistivity increases with decreasing temperature from 300 K. These results indicate a metal- Above P > 1 GPa, the low-temperature upturn of resistivity develops with pressure. The temperature variation of resistivity at P > 1 GPa is similar with that in NbO y (y > 29=12). [1] [2] [3] The upturns in ðTÞ is well described by the variable range hopping (VRH) derived by Mott, 9) $ expððT 0 =TÞ 1=4 Þ, for the three dimensional system (Fig. 3) . The characteristic temperature T 0 increases rapidly with pressure, as shown in the inset of Fig. 5 . At P ¼ 1:2 GPa and T ¼ 298 K, a transient behaviour is observed, that is, increases with time, t (the inset of Fig. 2 ). This transient increment saturates after t $ 1{2 day. In Fig. 2 , the -T curves before and after annealing are shown. After 3-days annealing at room temperature, the transient behaviors was not observed any more.
At lower pressure, ðTÞ shows clearly a hump at T ¼ T h , which increases with pressure from T h ¼ 190 K (P ¼ 0:53 GPa) to 249 K (P ¼ 0:88 GPa). It is worth to note that the P-T h curve extrapolated linearly to higher pressure range coincides with the P c at room temperature where the transient behavior is indicated as shown in Fig. 4 . Therefore, the anomaly in at T ¼ T h seems to correlate with the transient increment. Upon release of pressure ðTÞ exhibits again metallic in the experimental temperature range but higher value than the initial one before pressurizing, as shown in Fig. 4 . The resistivity-pressure curve at x ¼ 0 is contrast to that at x ¼ 0:2, as mentioned latter. It should be emphasized that we have confirmed that the transient behavior in of x ¼ 0 at P $ 1:2 GPa and T $ 298 K is reproducible. Figure 5 shows the pressure dependence of ðTÞ at x ¼ 0:2. At P ¼ 1:7 GPa ðTÞ exhibits a weak anomaly around T $ 200 K. The further pressurizing makes the anomaly indistinct, consequently, it can not be concluded whether this anomaly correlates with that at T h in x ¼ 0. Above P $ 2:0 GPa resistivity exhibits also the low temperature upturn. Similar to the case of x ¼ 0, at low temperature the -T curve obeys that of the VRH and the characteristic Around P $ 2 GPa, the -P curve at room temperature shows rather broader feature compared with x ¼ 0 (Fig. 4) . Contrary to the case of x ¼ 0, recently, a further study indicates that no transient behavior in ðTÞ was observed up to 3 GPa, while the data above 2.5 GPa is not shown in here. Additionally, it should be emphasized that at x ¼ 0:2 the -T curve is reversible with respect to pressure. The value of ðTÞ after releasing pressure coincides with that before pressurizing in the whole experimental temperature range. This discrepancy between the -P curves in x ¼ 0 and 0.2 suggests that irreversibility in ðPÞ correlates with the transient increment in .
Finally, let us discuss the origin of the pressure-induced metal-insulator transition in Nb 12Àx Ti x O 29 . In monoclinic Nb 12 O 29 , as mentioned above, a charge ordering occurs at low temperature. 5, 8) It has revealed that one unpaired electron localizes onto a specific crystallographic site in the 4 Â 3 block structure.
5) The remained one unpaired electron per the 4 Â 3 block of the corner-sheared NbO 6 octahedra seems to be responsible for the itinerant magnetism at lower temperature.
8) It is possible that electron-electron and electronlattice interactions are modified by applying external pressure and, consequently, the itinerant electron participates the charge ordering, resulting in non-metallic state at higher pressure.
Another scenario is related with a pressure-induced amorphization, as indicated in T-Nb 2 O 5 above P $ 19 GPa. 10) This phenomenon may explain the observed fact that the VRH component in ðTÞ develops with pressure. The conduction electron is affected by the random potentials resulting from the amorphization and then weakly localized (the Anderson localization). To elucidate the origin of the pressure induced metal-insulator transition in Nb 12Àx Ti x O 29 system, X-ray diffraction and magnetoresistance measurements under high pressure are called for.
